Abstract
Introduction
In digital terrestrial television (DTV) broadcasting, it is known that multipath effect is one of the major sources of signal degradation [1] . Multipath effects inter-symbol inference (ISI) at the receiver resulting in data error if no effective equalization is performed. For multi-carrier systems, the equalization can be simply completed in frequency domain through single-tap equalizer, while for single carrier systems the situation is more complicated. One solution is to use a nonlinear frequency domain decision-feedback equalizer (DFE) and another promising solution is to employ the antenna diversity at the receiver [2] .
Traditionally, time domain equalizations are used to combat the effect caused by dispersive channels. However, when the signal is transmitted in a lengthy channel, the frequency domain equalization is more computationally efficient [3] . Frequency domain linear equalizers (FD-LD) were proposed in [4] , but the performance degrades in deep fading situation due to noise enhancement effect. A better option is to use DFE scheme which has been shown to have significant performance advantages over linear equalizers; furthermore, the DFE has simplicity as compared to the discouraging complexity of optimum non-linear equalizers. In practice, some form of updating process, such as the least mean square (LMS) and the recursive least square (RLS) algorithms, is used to update decisionfeedback equalizers for changing channel conditions. However, when there is a precipitous fade, the tracking loops of decision-feed-back equalizers may lose lock, resulting in a convergence problem. If divergence occurs, errors will propagate throughout the data stream until the equalizer is reinitialized. An alternative to using the above mentioned adaptive algorithms is to adopt a direct coefficient calculation algorithm based on block data processing which is presented in [5] whereby channel equalization algorithm processing a block of the received signal and operating in the frequency domain are described.
Another promising solution is to employ antenna diversity at the receiver. Theoretically, as long as two antennas are separated by more than half a wavelength, the channel characteristics of the two paths are independent, hence, the probability of concurrent deep fades is small, and thus the performance is significantly improved with joint operation of the multiple antennas. In spite of wide-spread use of transmit diversity in broadcasting systems [6] [7] , application of diversity in the receiver is little yet. For case the wavelength is longer than the physical dimension limitation on a receiver, whereby it may not be able to accommodate multiple antennas with space diversity requirements, the super diversity in patent [8] is suggested. The multiple antennas herein are replaced by multiple tuners in a single antenna to achieve diversity.
In this paper, a novel equalization method namely frequency domain maximum rate combining decision-feedback (FD-MRC-DFE) combined multiple tuners diversity method is proposed. Although a similar method of joint use of frequency domain equalization and antenna diversity was presented in [9] , but the equalization is too simple to track time variant channel comparing to the method we presented. To verify the method, we chose single carrier mode Chinese Digital Television Terrestrial Broadcasting system to implement the field experiment. The rest of this paper is organized as follows, section II gives the framework of DTTB for Chinese DTV; section III presents the FD-MRC-DFE method in detail; field experimental results are given in section IV and section V is the conclusion.
Chinese digital television terrestrial broadcasting system
In Chinese DTTB systems, each signal frame consists of two parts (shown as Fig. 1 ), the frame head (FH) and the frame body (FB). The frame head has a pre-amble, PN sequence and a post-amble. The PN sequence is generated based on m-sequence, and the pre-/post-ambles is the cyclical extensions of the PN. The appended PN is a unique feature of Chinese DTTB, which is used to fulfill tasks as synchronous, carrier recovery as well as channel estimation [10] [11] . 2 is the simplified base-band block diagram of DTTB system comprising both single carrier and multi-carriers modes. For multi-carrier mode, which is also known as TDS-OFDM, the transmitted symbols take IFFT transform to achieve orthogonal modulation and equalization is handled in frequency domain. For single carrier mode, as the dotted branch depicted, symbols are defined and transmitted in time domain and the equalization is normally processed in time domain. The highlighted gray block, referred to as equalization block, is the main focus of this paper where the novel method is addressed. 
Frequency domain Maximum Ratio Combing decision feedback filter
Single carrier frequency domain equalization can achieve a balance between performance and complexity, and after taking the feedback decision filter into account, the performance can be further improved. Based on the two above, we proposed a new equalizer and the optimal filter coefficients are derived.
Optimal filter coefficients for SC-FDE
In the single-carrier frequency domain equalization scheme, the data is processed in blocks. As Fig.3 shows, the received data rm is first transformed into frequency domain as Rl by M points FFT which has the same size as a block, thereafter, equalization is fulfilled in frequency domain by multiplying Rl with the weighted coefficient Wl and finally the decision is processed in the time domain after the IFFT transform.
FFT IFFT 
while the MMSE cost is as below:
or expressed as:
Minimizing this with respect to the coefficients Wl by setting the derivatives to zero results in:
The JMMSE can then be expressed as [12] : 
Optimal filter coefficients for SC-FD-DFE
Compared to the above linear equalizer structure an improvement is expected if already decided symbols are used for a further reduction of ISI -without any additional noise enhancement by eliminating residual perturbing pulse response. A FD-DFE scheme is proposed for this, the structure of which can generally be described as shown in Fig.4 [13] , where a decision feedback filter is added and processed in time domain while the feed-forward filter is processed in frequency domain. 
Under the MMSE criteria, we can get JMMSE as:
which can also be expressed as:
where * 1 e x p ( 2 )
Minimizing this with respect to Wl, we can get The difference between (5), (11) is clear to see, due to the presence of the feed-back filter, the optimum feed forward weighted coefficients are determined not only by the channel gain but also the feed-back filter coefficients [14] [15] .
Antenna diversity methods such as selection diversity, equal gain combining, or maximum ratio combining are well known. Among which the most powerful but also with the highest implementation effort is maximum ratio combining. There, the signal that is received due to multiple antennas (M) is added and additionally weighted in an optimal way to enhance the actual SNR. Figure 5 . Proposed FD-MRC-DFE structure. Solid line: proposed structure. Dashed line: structure in reference [16] .
In this paper, a novel DFE scheme/device combing with MRC diversity-performed in frequency domain is proposed. The receiver structure is shown in Fig.5 . After pre-processing, the received signals of each antenna or tuners are transformed into frequency domain by FFT. Equalization is completed in frequency domain by multiplying weighted coefficients Wl.
Dashed block and lines in Fig.5 refer to the diversity method presented in reference [16] , in which the diversity and equalization is actually considered separately, therefore the feed forward coefficients are the same no matter whether diversity is considered or not. The equalization is performed by multiplying factors as below:
In this paper, we tried to consider DFE and receiver diversity together and get the optimal coefficients correspondingly. The error now can be expressed as:
where the superscript stands for different branch. When the two antennas are assumed to be independent, the coupling term of the two branches can be ignored. Thereafter, following the same derivation process as in [12] the JMMSE can be written as: 
By far, we have concluded the complete derivation process of the FD-MRC-DFE scheme. These results look the same as before, but the difference is clear to see that the theoretically optimal feed-back filter coefficients {fk, k∈FB} depend on the channel frequency response of both branches when diversity is considered.
Experimental results
Field test was carried out to verify the practical performance of FD-MRC-DFE implemented in DTTB single carrier receiver. The channel model is TU-6, which models the terrestrial propagation in an urban area. Doppler frequency shift is added to this mode to simulate the fast time-varying scenario. The carrier to noise ratio (CNR) threshold versus Doppler frequency shift performance is given in fig.6 . Comparing to conventional FD-DFE equalization, the proposed method gained significant improvements. FD-MRC-DFE in (a) with 16QAM map has about 6dB gain than its counterpart; besides, the upper limit Doppler shift is 260Hz, twice than its counterpart. The result for curve (b) with 32QAM map has the similar performance. Meanwhile, the receiver's overall capability is improved as shown in table II. Herein, mode 1 2 3 refers to 4,16,32QAM. 
Conclusion
We proposed a novel equalization method for single carrier Digital Television Terrestrial Broadcasting system. MRC diversity is adopted to combine with the decision feed-back filter. Results of field test carried out on single carrier mode Chinese DTTB proved the overall performance improvements. Particularly, under fast time-varying channel conditions, where Doppler Effect is significant, the method exhibits much better gain than conventional SC-FD-FDE equalization. Although the method is designed for broadcasting system, it is also applicable to communication systems.
